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Abstract 
Aerosol particles have various effects on our life. They affect the visibility and have diverse 
health effects, but are also applied in various applications, from drug inhalators to pesticides. 
Additionally, aerosol particles have manifold effects on the Earths’ radiation budget and thus on 
the  climate.  The  strength  of  the  aerosol  climate  effect  is  one  of  the  factors  causing  major  
uncertainties in the global climate models predicting the future climate change. Aerosol 
particles are emitted to atmosphere from various anthropogenic and biogenic sources, but they 
are also formed from precursor vapours in many parts of the world in a process called 
atmospheric new particle formation (NPF). The uncertainties in aerosol climate effect are partly 
due to the current lack of knowledge of the mechanisms governing the atmospheric NPF. It is 
known that gas phase sulphuric acid most certainly plays an important role in atmospheric NPF. 
However, also other vapours are needed in NPF, but the exact roles or even identities of these 
vapours are currently not exactly known.  
In this thesis I present some of the recent advancements in understanding of the atmospheric 
NPF in terms of the roles of the participating vapours and the meteorological conditions. Since 
direct measurements of new particle formation rate in the initial size scale of the formed 
particles (below 2 nm) are so far infrequent in both spatial and temporal scales, indirect 
methods are needed. The work presented on the following pages approaches the NPF from two 
directions: by analysing the observed formation rates of particles after they have grown to sizes 
measurable with widely applied instruments (2 nm or larger), and by measuring and modelling 
the initial sulphuric acid cluster formation. 
The obtained results can be summarized as follows. i) The observed atmospheric new particle 
formation rates are typically connected with sulphuric acid concentration to the power close to 
two. ii) Also other compounds, most probably strong bases such as amines and oxidized organic 
vapours, influence the NPF. In some locations their impact even dictates the observed particle 
formation rate. iii) Air temperature has an explicit effect on the formation of stable sulphuric 
acid  clusters,  in  which  also  the  relative  humidity  seems  to  play  a  role.  These  impacts  of  
meteorological quantities on the initial cluster formation seem to influence also the observed 
particle formation rate.  
 
Keywords: Atmospheric new particle formation, sulphuric acid, amines, oxidized organic 
vapours, temperature 
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1. Introduction 
Ambient air is not only a mixture of gas and vapour molecules, it is an aerosol (Seinfeld 
and Pandis, 2006). This means that suspended in this mixture of molecules there are 
also subjects  of  sizes larger than the molecular  scale but small  enough not to fall  on 
the  ground  due  to  gravitational  deposition,  called  aerosol  particles.  In  numbers,  the  
diameter of the aerosol particles is between few nanometres and some hundreds of 
micrometers. 
Aerosol particles, even though having orders of magnitude smaller concentrations than 
the atmospheric gas and vapour molecules, have marked impacts on various issues. 
Firstly, they affect our health; in every inhale the respiratory system is exposed to 
thousands or even millions of particles, out of which some fraction is toxic (e.g. Russell 
and Brunekreef, 2009; Stanek et al., 2011). Secondly, the aerosol particles affect the 
visibility. And finally, they have significant direct and indirect effects on the climate 
through their influence on the Earths’ radiation balance as short-lived climate forcers. 
The aerosol particles containing highly absorptive black carbon, i.e. the soot particles, 
heat the lower troposphere climate by absorbing solar radiation and by decreasing the 
albedo of snow when depositing on it (Jones et al., 2011; Skeie et al., 2011). The non-
soot aerosol particles reflect the solar radiation on average more effectively than the 
Earth’s  surface  (with  some  exceptions,  e.g.  the  reflectivity  of  snow  surface  is  higher  
than  that  of  most  aerosol  types)  and  thus  cool  the  climate  (Forster  et  al.,  2007).  In  
terms of the strength of the climate effect these direct aerosol effects still seem less 
significant than the indirect aerosol effects (Forster et al., 2007). Every rain and cloud 
droplet is formed on the surface of an aerosol particle, and since the clouds reflect a 
substantial  fraction  of  the  solar  radiation  back  to  space,  the  aerosol  particles  cause  
indirectly a significant cooling effect on the Earth as a whole (Forster et al., 2007). The 
indirect aerosol effects are diverse. As the cloud droplet concentration increases, the 
reflection of solar radiation by the clouds enhances (cloud albedo effect; Twomey, 
1974). Simultaneously, the size of the cloud droplets decreases, which reduces the 
precipitation efficiency of the clouds and thus increases their lifetime (cloud lifetime 
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effect; Albrecht, 1989). The decreases in the size of cloud droplets may also increase 
the geometric thickness of the clouds (Pincus and Baker, 1994) and elevate the altitude 
at which the droplets freeze (thermodynamic effect; Koren et al., 2005), thus 
presumably further influencing the albedo and dynamics of the clouds. It should be 
noted that the strength of the last two indirect aerosol effects described above is 
currently not known. The cloud albedo and cloud lifetime effects are estimated to 
cause  significant  cooling  effect,  but  its  magnitude  is  relatively  uncertain  so  far  (e.g.  
Lohmann et al., 2010; McComiskey and Feingold, 2012). 
The various impacts of the aerosol particles depend on their concentration, chemical 
composition and size. The particles with diameters (dP) close to or over one hundred 
nanometres can be activated as cloud droplets (Komppula et al., 2005; Dusek et al., 
2006), and the particles with dP of several hundreds nanometres or over micrometer 
scatter and absorb most efficiently the solar radiation (Bohren and Huffman, 1983; 
Hand and Malm, 2007; Liu et al., 2008), depending on their concentrations and optical 
properties. When inhaled, both the largest and the smallest particles deposit 
effectively in the upper or lower respiratory system and the intermediate particles 
(with diameters of hundreds of nanometres) are mostly exhaled, but those having a 
diameter (dP) of some tens of nanometres or a few micrometres enter deep into the 
lungs and there from possibly to the cardiovascular system (Kreyling et al., 2006; 
Alföldy et al., 2009). It should be noted that the condensation growth of the aerosol 
particles  in  the  respiratory  system  is  fast  (Longest  et  al.,  2010),  and  thus  the  
penetration efficiency cannot be directly estimated form the initial particle size 
(Löndahl et al., 2009). In order to estimate the aerosol impact on all of the above 
mentioned issues, the knowledge of the total particle mass or number concentration is 
not enough, but the information about particle number size distribution is required. 
The particle number size distribution is typically divided into four size segregated 
modes:  nucleation  mode  (dP <  20  nm),  Aitken  mode  (dP between  20  and  100  nm),  
accumulation mode (dP between 100 nm and 1 µm) and coarse mode (dP > 1µm). In 
terms of atmospheric particle number, the nucleation and Aitken mode particles 
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typically dominate (Van Dingenen et al., 2004; Zhang et al., 2010). It should be kept in 
mind, however, that the suspended particle mass concentration is clearly dictated by 
the accumulation and coarse mode particles (Raes et al., 2000). This is simply because 
the mass of one particle with dP equal to 10 µm (10 000 nm) is comparable to the mass 
of billion (10
9
) 10 nm particles of similar density. 
Aerosol particles are introduced to the atmosphere either by direct emissions (primary 
particles) or by gas-to-particle conversion (secondary particles). The coarse mode 
particles with the highest global concentrations are dust and sea salt (primary) 
particles (e.g. Raes et al., 2000; Dubovik et al., 2008). The direct emissions of 
accumulation and Aitken mode particles originate mostly from anthropogenic sources, 
e.g. wild-fires, traffic and combustion processes (Dentener et al., 2006). The direct 
biogenic particle emissions, e.g. fungal spores, pollen, viruses and bacteria, produce 
mostly coarse and accumulation mode particles (Yttri et al., 2011; Després et al., 
2012).  
The nucleation mode particles are secondary particles i.e. they are formed in the 
atmosphere from precursor vapours. The initial diameter of these particles is between 
one and two nanometres (Kulmala et al., 2007), in the size range of large molecules or 
molecular  clusters  of  some  or  some  tens  of  molecules  (roughly  from  200  to  2000  
atomic mass units, see e.g. Ehn et al., 2011). This particle size range is often referred to 
as the cluster mode. Formation of cluster mode particles and their subsequent growth 
to nucleation mode happens e.g. in trace gas plumes originating from combustion in 
motor vehicles or industry, but also in regional size scale in regional new particle 
formation events (Weber et al., 1996; Kulmala et al., 2004a; Kulmala and Kerminen, 
2008, and references therein). Atmospheric new particle formation (NPF) occurs 
widely  around  the  world  (Kulmala  et  al.,  2004a)  and  in  most  environments  NPF  is  
closely connected to the gas phase sulphuric acid concentration (e.g. Kerminen et al., 
2010). First indications of the connection between NPF and sulphuric acid 
concentration were observed already in 1990’s (e.g. Weber et al., 1995). 
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After being formed the secondary particles grow by condensation of atmospheric trace 
vapours with growth rates from below one up to some tens of  nanometres per hour 
(Kulmala  et  al.,  2004a).  A  large  proportion  of  the  formed  particles  are  scavenged  to  
pre-existing larger particles (Kerminen et al., 2001; Kuang et al., 2009), but others 
continue growing to Aitken mode and in many cases further up to accumulation mode 
primarily due to the condensation of oxidized organic vapours (e.g. Kulmala et al., 
1998; Kulmala et al., 2001; Tunved et al., 2006; Riipinen et al., 2011). The composition 
of particles in nucleation, Aitken and accumulation modes vary depending on the local 
and regional sources, but they typically include organics, sulphates, nitrates, 
ammonium, soot, sodium chloride and mineral dust (O’Dowd et al., 1992; Smith and 
O’Dowd, 1996; Jimenez et al., 2009; Matsuki et al., 2010).  
Because the accumulation mode extends to a diameter range such wide as 100 – 1000 
nm, the particles formed in the NPF process do not reach the coarse mode size. 
However, at suitable conditions the accumulation and large Aitken mode particles can 
act as Cloud Condensation Nuclei (CCN), i.e. they can be activated as cloud droplets by 
rapidly condensing water vapour and thus participate in cloud formation (Kerminen et 
al., 2005; Komppula et al., 2005; Sihto et al., 2011). It has been estimated that globally 
a large proportion, even over 50 % of CCN originate from the NPF events (Spracklen et 
al., 2008; Merikanto et al., 2009). However, despite the extensive number of research 
projects and scientific articles related to the atmospheric NPF, the fundamental 
mechanisms behind this process, especially in the lower troposphere, remain unclear. 
This causes significant uncertainties in modelling the future climate change: the 
abatement policies for anthropogenic SO2 emissions (a precursor gas for sulphuric 
acid), increasing temperature and changes in biogenic emissions may affect severely 
the global rates of new particle formation, and thus alter the cooling effect of aerosol 
particles on the climate (Kulmala et al., 2004b; Makkonen et al., 2012). 
The main goal  of  the work presented in this  thesis  was to gain insight  into the initial  
steps of atmospheric new particle formation. In more detail, the objectives were: 
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- to examine the validity of atmospheric sulphuric acid concentration proxies and 
find out whether they can be applied in assessing the atmospheric NPF 
mechanism.  
- to make a thorough multi-site analysis on the connection between atmospheric 
new particle formation rate and sulphuric acid concentration, and to find out 
whether this connection is similar in different tropospheric environments. 
- to determine the role of compounds other than sulphuric acid, more 
specifically of amines and oxidized organic vapours, in the atmospheric NPF. 
- to  find  out  whether  and  how  meteorological  quantities  influence  the  NPF  
process. 
 
2. Atmospheric sulphuric acid 
The gas phase sulphuric acid (H2SO4)  is  formed  in  the  atmosphere  by  the  following  
reaction chain (Wayne 2000; Paper I):  
SO? ? OH ?????  HSO??????       (R1) 
HSO? ? O??  SO? ? HO?        (R2) 
SO? ? 2H?O ? H?SO? ? H?O       (R3) 
where M is a catalyst, basically O2 or  N2 carrying away the excess energy and 
preventing an immediate reverse reaction. The reactions following the oxidation of 
sulphur dioxide (SO2) by hydroxyl radical (OH) occur rapidly and the reaction (R1) 
remains  as  the  rate  limiting  step  in  the  formation  of  H2SO4 (DeMore et al., 1997). 
However, recent results by Weltz et al. (2012) show that SO2 can be oxidized to SO3 
also by Criegee radicals, which are intermediates in ozonolysis reaction of 
hydrocarbons.  In  case  the  Criegee  radicals  formed  in  the  ozonolysis  of  those  
hydrocarbons emitted abundantly by plants and trees (e.g. monoterpenes) are active 
in oxidizing SO2, also this oxidation pathway parallel to reactions (R1) and (R2) is 
relevant in atmosphere.  
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Sulphuric acid is one of the strongest acids in the atmosphere. It is present in ambient 
air with gas phase concentrations up to 10
8
 cm
-3
, depending on the concentrations of 
SO2 (originating from anthropogenic emissions, marine dimethylsulfide emissions and 
volcanic activity; e.g. Lee et al., 2011) and its oxidant(s), and on the condensation sink 
(CS) describing the losses of H2SO4 due to condensation onto aerosol particles. The gas 
phase sulphuric acid concentration ([H2SO4]) varies significantly during the day, being 
typically  the  lowest  at  night  and  the  highest  around  noon  (Berresheim  et  al.,  2000;  
Paper I). This is due to a strong diurnal cycle of the OH concentration, resulting from 
the formation of OH radical via photolysis of ozone by solar UV-B radiation.  
2.1. Measurement of ambient sulphuric acid concentration 
The atmospheric concentration of sulphuric acid is in the low ppt (parts per trillion 1/ 
10
12
 as a proportion of all air molecules) and even ppq (parts per quadrillion, 1/10
15
) 
levels. Such a low concentration is a challenging task to be measured reliably, and the 
tendency of sulphuric acid to condense onto surfaces makes the measurements even 
more problematic. However, due to its strong acidity and the corresponding low 
proton affinity sulphuric acid is a perfect compound for being measured by means of 
chemical ionization mass spectrometry (Eisele et al.,  1991; Mauldin et al.,  2001; Huey 
et al., 2007; Paper I). In a mass spectrometer only the ions carrying an electric charge 
can be measured,  and the low proton affinity  of  sulphuric  acid makes it  eager to get  
charged  by  donating  one  of  its  protons  to  most  ions  with  a  negative  charge.  A  
controlled  and  highly  selective  chemical  ionization  is  the  core  feature  which  the  
Chemical Ionization Mass Spectrometer (CIMS, see Paper  I and references therein) 
relies on.  
The CIMS inlet is designed in such a way that the ambient sulphuric acid molecules are 
carried into the instrument by a high flow rate and with only a small exposure to walls 
and surfaces. Sulphuric acid is chemically ionized in the ion reaction region (Eisele et 
al., 1991; Tanner et al., 1995; Mauldin et al., 2001; Paper  I). In the ion reaction 
chamber, two concentric flows run in parallel: the ambient sample and the sheath air, 
the latter concentrated with nitrate ions (NO3
-
) and their clusters with nitric acid 
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molecules (NO3
-
)·(HNO3)n. As both the sheath and the sample flows in the ion reaction 
region are kept laminar, they do not mix turbulently. However, by applying an electric 
field perpendicular to the flows, the NO3
-
 -ions and -clusters are pushed into the 
sample flow, where they collide with the sulfuric acid molecules. Although the charged 
nitric acid cluster is a strong acid and has a low proton affinity, sulphuric acid is even 
more acidic. Thus, when a sulphuric acid molecule collides with a nitrate ion (cluster), 
it donates one of its protons to the nitrate ion (cluster), forming a neutral nitric acid 
molecule and a bisulphate ion (HSO4
-
) or a cluster containing a bisulphate ion and nitric 
acid molecule(s). As the ionization happens in excess of NO3
-
 -ions  and  -clusters,  the  
chemical ionization of sulphuric acid does not deplete the reagent ion concentration. 
After ion reaction chamber, the ions enter the collision dissociation chamber, in which 
they collide with N2-molecules. In these collisions the nitric acid molecules are 
dissociated from the nitrate and bisulphate ion clusters. Finally, the concentrations of 
bisulphate and nitrate ions are measured, and the ambient sulfuric acid concentration 
is calculated from the core-ion concentrations:  ?H?SO?? ? ? ? ????????????? ,         (1) 
where C is an experimentally determined and instrument specific calibration 
coefficient. The CIMS can be applied also for measuring the concentrations of sulphuric 
acid dimers (Paper IV),  which  are  after  the  charging  detected  as  (HSO4
-
)·(H2SO4). 
Additionally,  the  CIMS  used  in  the  presented  work  can  measure  OH  concentrations  
inferred from a known conversion rate of isotopically labelled SO2 by ambient OH 
(Eisele et al., 1991; Tanner et al., 1997; Paper I). The calibration relies on the known 
production of OH radical from ambient water vapour with an UV-lamp.     
The  selective  chemical  ionization  is  a  benefit  and  a  drawback  at  the  same  time.  
Without this charging mechanism the sulphuric acid concentration may not be 
detectable at all, but with it there still remain uncertainties regarding the atmospheric 
identity of the detected sulphuric acid monomers. The question is, whether the CIMS 
detects those sulphuric acid monomers that are clustered with other molecules, which 
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seems to be often the case in the ambient air (Junninen et al., 2010; Ehn et al., 2010; 
Zhao et al., 2011). If the clusters consisting of one sulphuric acid and some base 
molecules do get charged, the base molecule(s) are very rapidly evaporated and thus 
these clusters are detected as pure sulphuric acid molecules with the CIMS. Kurtén et 
al.,  (2011)  have  shown  by  means  of  quantum  chemical  calculations  that  the  clusters  
comprised of one H2SO4 and water molecules are efficiently charged in the ion reaction 
chamber,  as  well  as  the  (H2SO4)2·ammonia  and  (H2SO4)2·dimethylamine clusters. The 
fate of the (H2SO4)1·ammonia and (H2SO4)1·amine clusters is less clear, but Kurtén et al 
(2011) estimated that 90 % or more of both do get charged within the CIMS. However, 
sulphuric acid has been proposed to form stable complexes also with e.g. organic acids 
(e.g. Zhang et al., 2004). These complexes are most probably charged within the CIMS, 
but whether they are dissociated in the collision dissociation chamber and thus 
detected as pure sulphuric acid is not known so far.  
The atmospheric formation of H2SO4 is currently understood well enough for 
estimating the atmospheric levels of [H2SO4] even without direct measurements 
(Paper I; Mikkonen et al., 2011). However, there are still obstacles in modelling [H2SO4] 
quantitatively with the demanded accuracy (Paper  I). These uncertainties may be 
related to our capability to measure and model the atmospheric concentrations of OH-
radical (Mao et al., 2012), and to the possible non-OH related oxidation pathways 
forming sulphuric acid in the atmosphere (Welz et al., 2012). Both laboratory and field 
measurements of sulphuric acid and OH concentration are thus needed for further 
improvement of the sulphuric acid proxies. 
 
3. Atmospheric new particle formation 
Atmospheric  new  particle  formation  is  a  ubiquitous  phenomenon  (Kulmala  et  al.,  
2004a), which often happens in regional scale NPF events, during which the new 
particle formation rate is elevated for some hours in an area of hundreds of square 
kilometres. Particles formed in the NPF process have initial diameters between 1.2 and 
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2 nm (Kulmala et al., 2007). The detection of neutral particles with diameters in this 
size range is very challenging. Even though the concentrations of neutral particles with 
diameters smaller than 2 nm can be measured with some state-of-the-art instruments 
(e.g. PSM: Vanhanen et al.,  2011; PH-CPC: O’Dowd et al.,  2004; Sipilä et al.,  2008 and 
2009; Lehtipalo et al., 2009 and 2010; DEG instruments: Jiang 2011a,b), these data are 
difficult to analyse quantitatively. Furthermore, there are so far no long-term 
measurements performed with these instruments and the obtained data are collected 
at only few measurement sites.  
3.1. Calculation of particle formation rate 
The particle formation rate Jdp cannot be directly measured, because the related 
measurable quantity, the particle concentration, depends also on the loss rate of the 
particles. However, the formation rate can be calculated with the information of the 
particle number size distribution. Commonly, the particle size distribution is measured 
with Differential or Scanning Mobility Particle Sizers (DMPS/SMPS, Hoppel, 1978; Aalto 
et al., 2001), which have the lower detection limit at roughly 3 nm and the upper at 
some hundreds of nanometres. In Paper III we have applied Neutral cluster and Air Ion 
Spectrometer (NAIS, Kulmala et al., 2006) for obtaining the size distribution of neutral 
particles from 2 nm to 40 nm. From the measured concentration of particles with 
diameters between d1 and d2 (Nd1-d2) we can calculate the flux of particles into this size 
range, provided that their loss rate can be estimated. When the diameter range is in 
the sizes of small nucleation mode particles and the air mass can be considered 
homogenous, we can estimate that the particle flux originates only from the growth of 
smaller particles/clusters into the studied size range. This flux is referred to as the 
formation rate of particles with diameter d1 (Jd1). Hence, the particle formation rate 
can be expressed as (see Paper II for derivation) ??? ? ????????? ? CoagS??????????? ? GR????? ??????????? ,     (2) 
where CoagSd1-d2 stands for  the coagulation sink (Kulmala et al., 2001) for the particles 
in the studied size range and GRd1-d2 describes their growth rate. The first term on the 
right hand side of Eq. (2) stands for the measured change in concentration Nd1-d2. The 
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particle losses in terms of their coagulation scavenging and growth out of the studied 
size range are taken into account, respectively, with the second and third term on the 
right hand side of Eq. (2).  
In addition to the change in concentration Nd1-d2, the coagulation sink and the particle 
growth rate can be determined from the particle size distribution. The coagulation sink 
is proportional to the total surface area of the aerosol particles and to the diameters of 
the colliding particles, and can be thus directly calculated from the size distribution of 
Aitken,  accumulation  and  coarse  mode  particles  (Kulmala  et  al.,  2001).  The  
determination of the particle growth rate (GR) is more challenging. The methods that 
are typically applied (Weber et al., 1997; Hussein et al., 2005; Hirsikko et al., 2005) can 
be utilized in the atmospheric conditions only if the particle formation has occurred 
simultaneously in a regional scale, i.e. in a regional NPF event. In Paper II we calculated 
the growth rate of particles from their assumed initial diameter 1.5 nm to the smallest 
measured diameter of 3 nm from the time delay between the observed changes in 
[H2SO4] and particle concentration N3-6 (Weber  et  al.,  1997;  Sihto  et  al.,  2006).  In  a  
later study, Korhonen et al. (2011) have shown that the growth rates determined with 
this method can be overestimated due to the evolution of the particle population 
during strong NPF event. In Papers III and V we applied the method presented by 
Hirsikko et al. (2005). With this method GR is determined by inspecting the time 
stamps at which the peak in particle number concentrations is detected in each size 
bin of the particle number size distribution (more detailed explanation in Paper III, 
Sect. 2.3.1). Manninen et al. (2009) have estimated that the particle growth rate 
determined with this method might be a factor of 2 higher or lower than the actual 
growth rate. It should be noted that the values determined for GR with the different 
methods  are  averages  over  a  NPF  event  or  a  certain  time  period  during  it,  and  the  
possible  variation  of  the  actual  growth  rate  in  time  can  not  be  observed,  but  only  
estimated e.g. as in Paper III. The effect of the diurnal variation of GR on the calculated 
particle formation rate Jd1 can be reduced also by applying only the data collected 
during the NPF event for which the growth rate is determined, as done in Papers III 
and IV. 
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The formation rate of particles with diameters below the detection limit of the applied 
instrument (Jd0) can be calculated from the formation rate Jd1 with  the  formulae  
presented by Kerminen and Kulmala (2002) or with the later modifications of this 
formulae (Lehtinen et al., 2007; Anttila et al., 2010). This calculation relies on the 
determined growth rate and condensation/coagulation sink. By assuming constant 
growth rate from the initial size d0 to the observed size d1, we can calculate the 
coagulation scavenging during the growth, and thus determine the formation rate Jd0. 
However, the inaccuracy in the determination of GR (due to the reasons described in 
the previous paragraph) causes uncertainty in Jd0 calculated with the Kerminen-
Kulmala formulae, as demonstrated by Korhonen et al. (2011). 
 
4. Connection between new particle formation rate and 
sulphuric acid concentration 
A great number of observations show that sulphuric acid is indeed an essential 
contributor to the atmospheric new particle formation (e.g. Weber et al., 1995; Sipilä 
et al., 2010; Kerminen et al., 2010; Paper I). In more detail, several papers connect the 
observed atmospheric new particle formation rate (J) with the measured sulphuric acid 
concentration ([H2SO4])  to  the  power  mostly  from  one  to  two  (Kulmala  et  al.,  2006;  
Sihto et al., 2006; Riipinen et al., 2007; Kuang et al., 2008; Papers II and III), but in 
some  cases  even  up  to  three  (Wang  et  al.,  2011).  The  power  values  of  one  can  be  
explained with an activation-type mechanism (Kulmala et al., 2006),  ? ? ???H2SO4?,         (3) 
which assumes that pre-existing stable clusters are activated for growth by a collision 
with sulphuric acid molecule. Instead, a kinetic-type mechanism (McMurry and 
Friedlander, 1979), in which a collision between two sulphuric acid molecules results in 
a growing particle, would suggest a power value of two, as in ? ? ? ?H2SO4??.         (4) 
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Here, growing particle refers to a cluster which is more likely to grow than to 
evaporate, and A and K are empirically determined coefficients (see e.g. Paper III). It 
should be noted that even if the observed values of J agree with either of these 
equations, it does not necessarily mean that the formation mechanism would be 
exactly as suggested in the referred articles. E.g. Vehkamäki et al. (2012) have 
demonstrated by means of kinetic modelling that a quadratic dependency similar to 
Eq. (4) could originate from the possible existence of stable clusters with diameters 
smaller than that of a growing particle. Furthermore, the exponents related to the 
initial particle formation rate Jd0 and to the formation rate of larger particles Jd1 may be 
different due to the processes taking place during the growth (Korhonen et al., 2011). 
Sulphuric acid is highly condensable onto existing surfaces, but it is still not capable of 
forming particles alone under atmospheric conditions. It is possible that in extremely 
cold  conditions,  e.g.  in  the  upper  troposphere  and  stratosphere,  NPF  may  occur  
primarily through a binary sulphuric acid – water -nucleation (Kulmala and Laaksonen, 
1990; Zhang et al., 2010). In the lower troposphere, however, the observed particle 
formation rates are too high to be explained with the binary mechanism (Kulmala et 
al., 2004a).  
There are currently two groups of molecules that are taken as considerable candidates 
for making the sulphuric acid clusters stable enough to grow in the lower troposphere: 
strong bases such as ammonia (Korhonen et al., 1999; Weber et al., 2003; Nadykto and 
Yu,  2011)  or  amines (e.g.  Kurtén et  al.,  2008;  Loukonen et  al.,  2010;  Yu et  al.,  2012),  
and oxidized organic vapours (Zhang et al, 2004; Mezger et al, 2010). Additionally, the 
stabilizing effect of cluster charge has been suggested to govern the atmospheric new 
particle formation (Yu and Turco, 2000; Yu et al., 2008). All of these four considerations 
rely on the same conceptual idea: either base or organic acid molecule(s) or the charge 
of the ion cluster is thought to hold the sulphuric acid (and possibly other) molecules 
together until the size required for condensation growth is achieved. In laboratory 
conditions, increases in the particle formation rate have been reported as a result of 
increasing amine concentrations (Berndt et al, 2010; Erupe et al., 2011; Yu et al., 2012), 
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increasing organic vapour concentrations (Zhang et al., 2004; Mentel et al., 2009; 
Metzger et al., 2010) and increasing ionization rates (Kirkby et al., 2011).  
It is very challenging to experimentally determine whether the amines and oxidized 
organic vapours enhance directly the formation of stable clusters or whether they 
affect only the subsequent cluster growth. In the latter case the observed formation 
rate of particles would increase, because an increasing growth rate decreases the 
proportion of particles being scavenged before they reach the observable sizes 
(Kerminen et al., 2001). The growth of particles already in sizes of 2 nm is typically 
much faster than what can be explained with the condensation of sulphuric acid 
(Paper III). It is unlikely that the initial growth of the freshly formed particles would 
result from their increasing volume due to the condensation of bases, because the 
number of base molecules in the stable clusters should not exceed the number of acid 
molecules (Ortega et al., 2012). Thus, the amines may facilitate the condensation of 
acids or other molecules, but the acid concentration still limits the condensation of the 
base molecules. It seems that, in addition to growing the larger atmospheric particles, 
the condensation of oxidized organic vapours enhances the initial growth of the freshly 
formed particles (Hao et al., 2009; Riipinen et al., 2011).  
The results  in  Paper III show a clear connection between J and [H2SO4] to the power 
close to two at three out of the four studied measurement sites. This result agrees 
with  the  findings  of  Kuang  et  al.  (2008).  In  both  of  these  studies  the  exponent  value  
was distinctly specified to two (rather than one or three), when only the data points 
with the most reliably determined J,  i.e. those recorded during the NPF events,  were 
used  in  the  analysis.  However,  even  at  the  three  sites  at  which  Eq.  (4)  describes  the  
observed particle formation well in Paper III,  the values of the prefactor K (see Eq. 4) 
varied significantly from about 10
-15
 to 10
-11
 cm
3
 s
-1
 and over an order of magnitude 
also in terms of site-specific median values of K. This observation implies that there are 
considerable factors other than [H2SO4] affecting the atmospheric NPF. Also more 
specific information about these factors was gained in Papers II and III, as the 
measurements conducted at Hohenpeissenberg (e.g. Birmili et al., 2003) showed even 
20 
 
a dominating influence of oxidized organic vapours. In Paper II this  influence  was  
observed directly with measured concentrations of monoterpenes and their oxidants, 
OH and O3.  
In addition to the evidence of organic vapours influencing the formation rate of 2 nm 
particles, we obtained indirect information on the participation of amines in the NPF. 
In Paper IV we showed in laboratory experiments for the first time that sulphuric acid 
dimers  (i.e.  clusters  with  two  H2SO4 molecules) were formed almost at the collision 
rate  of  sulphuric  acid  monomers.  Since  both  quantum  chemical  calculations  (e.g.  
Ortega et al.,  2012) and experimental observations (Hanson and Lovejoy, 2006) show 
that  the  pure  sulphuric  acid  dimers  are  too  unstable  to  be  observed  to  form  at  this  
high  rate,  it  seems  evident  that  the  observed  dimers  included  also  some  stabilizing  
molecules. By applying a kinetic cluster model (DACM, Kulmala 2010), we showed that 
the  observed  formation  rate  of  H2SO4-dimers could be explained by clusterization of 
sulphuric acid molecules with dimethylamine ((CH3)2NH), and that this high rate can 
result from very low dimethylamine concentration possibly prevailing in the applied 
ultraclean conditions (Sipilä et al., 2010). Instead, the ammonia concentration required 
for obtaining the observed dimer formation rates would be clearly higher than the 
upper limit value of 10
10
 cm
-3
 for the estimated maximum of impurity concentrations 
(Ortega et al., 2012). As the organic acids do not form (significantly) stronger bonding 
with sulphuric acid than ammonia does (Zhang et al., 2004), they should not induce as 
high dimerization rates as observed, either. 
Kinetic modelling of sulphuric acid – amine clusters was used also in Paper  V for 
investigating the possible reasons for the variability of the prefactor K (Eq. 4) observed 
e.g. in Paper III. The ability of stabilized sulphuric acid dimers to grow further was 
argued to demand two base molecules, because the clusters resulting from the 
addition of pure sulphuric acid to (H2SO4)2·(amine)1 clusters are relatively unstable 
(Ortega et al., 2012; Paper  V). The formation rate of stabilized sulphuric acid dimers 
was  found  to  be  dependent  in  most  cases  to  [H2SO4]  to  the  power  close  to  two.  
However, both lower and higher exponent values, in range from one to over three, 
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were obtained at certain atmospherically relevant conditions. Interestingly, these 
values cover the exponent range for atmospheric observations (Kulmala et al., 2006; 
Sihto et al., 2006; Riipinen et al., 2007; Kuang et al., 2008; Wang et al., 2011; Papers II 
and III). We showed that an increasing ambient temperature decreases strongly the 
formation  rates  of  clusters  with  at  least  two  of  both  H2SO4 and amine molecules 
((H2SO4)?2·(amine)?2, amines being trimethylamine, dimethylamine or both) at 
temperatures > 280 K. Increasing relative humidity (RH) decreased the formation rates 
of clusters including trimethylamine molecules, but this effect was clearly weaker than 
the temperature effect.  We also studied, how the modelled formation rates change, if 
an organic vapour is assumed to condense on the formed (H2SO4)?2·(amine)?2 clusters. 
The modelled stable cluster formation rates were compared to the atmospheric 
observations of new particle formation rate and sulphuric acid concentration. Glimpses 
of similar temperature dependence to that of modelled cluster formation rates were 
observed in atmospheric particle formation rate. Increasing ambient RH seemed to 
reduce the values of the prefactor K derived from the atmospheric measurements, 
which suggest suppressing impact of RH on NPF in addition to the negative correlation 
between RH and [H2SO4] shown by Hamed et al. (2011). The best correspondence 
between the measured particle formation rates and the modelled cluster formation 
rate  was  obtained  for  the  formation  of  (H2SO4)?2·(trimethylamine)?2 clusters, when 
these clusters were assumed to grow by collisions with abundant organic vapours. 
Albeit  intriguing,  this  specific  result  does  not  prove  that  the  organic  vapours  could  
condense on the stable sulphuric acid dimers, but points out the need for future 
research on the possibly coupled effects of amines and organic vapours on NPF. 
  
5. Problems in and tools for determining atmospheric new 
particle formation mechanism 
Atmospheric new particle formation occurs in such a size scale that it is extremely 
difficult to be investigated with only experimental analysis. Measurements of the 
formation rate of new particles in their initial sizes are so far not comprehensive 
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enough for detailed analysis, because the initial size of the particles is below the 
detection limit of most of the instruments. On the other hand, the restricted 
atmospheric data obtained with those state-of-the-art instruments that measure the 
concentrations  of  clusters  down  to  the  molecular  sizes  (e.g.  PSM:  Vanhanen  et  al.,  
2011; PH-CPC: O’Dowd et al., 2002; Sipilä et al., 2008 and 2009; Lehtipalo et al., 2009 
and  2010;  DEG  instruments:  Jiang  et  al.,  2011a,b)  or  their  composition  (APi-TOF:  
Junninen et al., 2010; Ehn et al., 2010;  Cluster-CIMS: Zhao et al., 2010), are not 
straight forward to analyse. The cut-off diameters of the instruments measuring the 
cluster concentration depend on cluster composition and are not exact. This leads to 
difficulties in the interpretation of the data as some clusters with diameters below the 
nominal detection limit can be detected and thus interpreted as larger than they 
actually are. Furthermore, with the exact size of the newly formed particles not being 
known, even exact knowledge of the particle size distribution below 2 nm would not 
necessarily be enough to determine the new particle formation rate. On the other 
hand, the mass spectrometer instruments determining the cluster composition detect 
only the (naturally or artificially) charged clusters and, thus, direct information of the 
compositions and concentrations of neutral clusters is not obtained. 
In addition to problems in quantifying the new particle formation rate, measuring the 
concentrations of the relevant vapours is challenging. As described in Sect. 2.1., it is 
not exactly known what the sulphuric acid signal from the CIMS includes: what are the 
molecules that sulphuric acid can be clustered with but still detected as pure sulphuric 
acid? The atmospheric concentrations of gas phase amines are known with even less 
accuracy. Some measurements do exist (Sellegri et al, 2005; Ge et al., 2010; Hanson et 
al., 2011), but there is no information on which amine molecules are detected with the 
applied  instruments:  do  the  instruments  measure  only  gas  phase  molecules,  or  also  
those single amine molecules bound to some acid molecules, or even those that are 
constituents of larger clusters or particles? What comes to the concentrations of the 
organic vapours related to atmospheric NPF, the problem is not the level of their 
concentration, but the variety of different organic vapours. There are thousands 
(Goldstein and Galbally, 2007) of organic precursor vapours in atmosphere with 
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detectable concentrations, but the number of different oxidation products of these 
vapours is easily orders of magnitude higher (Jenkin, 2004). Because the chemical and 
physical properties of all these compounds can be different and several of them may 
participate in the new particle formation and the subsequent growth, quantifying 
experimentally the role of an individual organic precursor on the NPF is extremely 
difficult, if not impossible.   
With such a number of obstacles in the experimental methods, what are the tools for 
improving our knowledge on atmospheric NPF? Lately, the quantum chemical methods 
for calculating the formation energies of the smallest clusters (with number of clusters 
up to around ten) have offered invaluable information on the cluster formation 
processes (eg. Kurtén et al., 2008; Nadykto et al., 2010; Loukonen et al., 2010; Ortega 
et al., 2012; Vehkamäki et al., 2012). Clarifying the functionality of the CIMS by Kurtén 
et al. (2011) has substantially increased our understanding of the observed connection 
between the sulphuric acid and NPF. Comparisons between the model results based 
on quantum chemical calculations and the atmospheric observations, such as those 
presented in Paper  V, give us directions for further experiments, calculations and 
analyses. In addition to the theoretical considerations, the instruments for measuring 
e.g. the atmospheric gas phase concentrations of amines are developing continuously. 
The time-of-flight mass spectrometers (ToF) are providing insights into the cluster 
dynamics with a high enough mass accuracy that at least some of the clusters can be 
identified (Kirkby et al., 2011; Ehn et al., 2012). Also the CIMS has been modernised to 
a  ToF-instrument,  resulting  in  a  device  called  CI-APi-ToF  (Jokinen  et  al.,  2011),  thus  
being better applicable for measuring neutral cluster compositions and concentrations. 
However, the charging probabilities of different neutral clusters are not similar and the 
composition of many of them changes when they are charged (as in case of H2SO4-base 
clusters). Thus, quantum chemical calculations are most probably required in order to 
interpret the relation between the concentrations detected with mass spectrometers 
and those prevailing in the atmosphere. After the ambient gas phase amine 
concentrations can be determined with a low enough detection limit, further 
information on the organic vapours relevant to atmospheric NPF may be found e.g. in 
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laboratory experiments. Consequently, the overlapping effects of base molecules and 
oxidized organic vapours on NPF can be presumably separated from the field 
observations with multivariate data analysis. All advances, in theoretical 
understanding, in modelling efforts, in developing the experiment infrastructures and 
instrumental improvements need to be utilized in a coherent manner to their full 
potential  in  order  to  probe  the  cluster  formation  and  NPF  in  more  detail.  The  joint  
efforts will be the key to success.  
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6. Review of papers and author’s contribution 
 
Paper I investigates the concentrations of sulphuric acid in boreal forest environment. 
In this paper we present measurements of sulphuric acid and hydroxyl radical 
concentrations carried out with the CIMS instrument. We also study how well the 
measured sulphuric acid concentration can be reproduced with the use of proxy 
variables calculated accounting only for the main source and loss terms for sulphuric 
acid,  or  with  a  more  detailed  chemical  model.  In  this  paper,  I  calculated  the  proxies  
and compared the measured, modelled and the proxy concentrations of sulphuric acid. 
I also actively participated in the writing process, particularly in the peer-review stage. 
In Paper II we studied the connection between new particle formation and sulphuric 
acid concentration at Hohenpeissenberg, Germany.  We also measured monoterpene 
concentrations, which enabled us to probe their role in the new particle formation rate 
in  addition  to  sulphuric  acid.  I  conducted  most  of  the  data  analysis  by  applying  and  
further developing the tools from the previous studies, and wrote most of the text in 
the paper as a lead author. 
In Paper III we estimated the concentration of condensable organic vapours from the 
observed growth rates of freshly formed particles at four European measurement 
sites. We compared the new particle formation rate with the concentrations of 
sulphuric  acid  and  the  condensable  organic  vapours,  and  generated  several  
parameterisations for the new particle formation rate with respect to these 
concentrations.  In  this  paper  I  performed  most  of  the  data  analysis,  calculated  and  
intercompared most of the parameterisations and wrote most of the text. 
Paper IV presents the results of laboratory experiments in which the formation rate of 
sulphuric acid dimers was examined. It connects the formation rate of stable dimers to 
an unknown, but necessarily present stabilizing molecule, in the ultraclean 
measurement setup. My input in this paper was in modelling of the formation rate of 
sulphuric  acid  dimers  with  dimethylamine  as  a  stabilizing  agent.  I  also  analysed  the  
modelling results and participated in writing of the paper. 
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Paper V inspects by means of kinetic modelling the formation of sulphuric acid – amine 
clusters with respect to varying ambient temperature, humidity and prevailing vapour 
concentrations. The evaporation rates were calculated with quantum chemical 
methods and the modelling results are presented in the way suitable for comparison 
with atmospheric observations. The modelled cluster formation rates and their 
dependency on meteorological variables and vapour concentrations were compared to 
observations of atmospheric new particle formation in wide variety of environments. I 
performed the modelling for this paper, mainly interpreted the obtained results and 
wrote most of the paper.  
I am solely responsible for the summary part of this thesis. 
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7. Conclusions 
 
In the work presented in this thesis I have studied the initial steps of atmospheric new 
particle formation. This research has been carried out by means of analysing the field 
data of sulphuric acid concentrations (Papers I, II, III and V) and new particle formation 
rates  (Papers II, III and V), by conducting laboratory measurements (Paper IV), and 
modelling the formation of stabilized sulphuric acid clusters (Papers  IV  and  V). The 
atmospheric observations are investigated in terms of the dependencies of new 
particle formation rate on the concentrations of sulphuric acid (Papers II, III and V) and 
precursors for condensing organic vapours (Papers II and III) and on meteorological 
variables (Paper V).  
In Paper I we showed that the levels of atmospheric gas phase sulphuric acid can be 
reproduced with proxies relying on the measured sulphur dioxide concentration and 
condensation sink and the measured or estimated OH-radical concentration. The 
precision of the proxies relying on OH concentrations estimated from radiation 
measurements seems sufficient for reproducing the sulphuric acid concentrations for 
large scale modelling purposes (probably pre-factors specific for different types of 
environments are required). However, because the reason behind the variability 
between the proxy and measured sulphuric acid concentrations remains unclear, the 
application of the proxy concentrations may cause bias in assessing the mechanisms 
behind atmospheric NPF. Thus, in Papers II-V only measured sulphuric acid 
concentrations were applied. 
The results of Paper III show that atmospheric particle formation rate J exerts a clear 
correlation with sulphuric acid concentration to the power close to two in several 
locations. However, the values obtained for the coefficient K in Eq. (4) vary significantly 
in range of several orders of magnitude. Furthermore, at Hohenpeissenberg site 
sulphuric acid concentration did not have as clear impact on J (Papers II and III) as at 
the other sites. These results suggest that the atmospheric new particle formation rate 
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is coupled with sulphuric acid concentration to the power close to two, but there are 
also other factors that significantly alter the observed formation rate.  
The results presented in Paper II show that the concentrations of organic vapours have 
clear impacts on the observed atmospheric particle formation rate at 
Hohenpeissenberg. However, Paper III shows that this impact is more pronounced at 
the Hohenpeissenberg site than at the other studied sites. Several studies, both 
theoretical  (Kurtén  et  al.,  2008;  Loukonen  et  al.,  2010;  Ortega  et  al.,  2012)  and  
experimental (Berndt et al., 2010; Erupe et al., 2011; Yu et al., 2012), have shown that 
amines are most probably influencing the atmospheric NPF. By means of quantum 
chemical calculations and kinetic modelling we showed in Papers IV and V that amine 
concentrations already at ppt level are capable of stabilizing sulphuric acid dimers 
efficiently enough to result in a dimer formation rate close to a collision rate of 
measured H2SO4 monomers. Here, the measured H2SO4 monomers stand for both gas 
phase sulphuric acid molecules and the monomers clustered with amines (see Paper V 
and Kurtén et al, 2011), as the amine is lost rapidly after the chemical ionization. 
In Paper V we showed that the formation rate of stable sulphuric acid – amine clusters 
decreases significantly as a function of temperature as a result of elevated evaporation 
rates. Similar behaviour was observed in the measured atmospheric new particle 
formation rate in terms of decreasing values of the kinetic prefactor K in Eq. (4) with 
increasing temperature. Furthermore, we pointed out in Paper  V that atmospheric 
particle formation rate seems to be directly affected by relative humidity (in addition 
to the relation between [H2SO4] and RH reported by Hamed et al., 2011). The ambient 
temperature seems to be a factor which complicates the analysis of atmospheric new 
particle formation. Increasing temperature decreases the stability of molecular clusters 
and (in short time scale) the relative humidity. The emissions of organic vapours 
increase exponentially with temperature (Guenther et al., 1995; Ghirardo et al., 2006) 
and the emissions of amines are likely to increase as well, since they are emitted from 
oceans  and  soil  as  a  result  of  biological  activity  (Ge  et  al.,  2011).  With  all  these  
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temperature dependent quantities affecting the new particle formation, specifying 
their overlapping effects becomes extremely challenging.  
Based  on  the  results  and  discussions  in  Sect.  4  of  this  thesis  and  in  Papers I-V, my 
(current) personal hypothesis for the mechanism behind the atmospheric new particle 
formation  is  as  follows:  two  amine  molecules  (at  least  one  of  which  is  tertiary)  are  
needed for stabilizing the sulphuric acid dimers, after which they can grow by 
condensing sulphuric or organic acids with a rate yet depending at least partly on the 
concurrent condensation of base molecules, until the cluster is large enough for 
condensation growth without the assistance of bases. I am trustful that with the 
ongoing and future advancements on the wide field of aerosol science the truthfulness 
of this hypothesis can soon be evaluated. 
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Erratum to Paper I 
On page 7439, the values of coefficients A and B for Eq. (5) corresponding to k2 and k3 
are wrong. The sentence following the description of Eq. (5) should read:  
“The fitted coefficients A and B were 8.6×10
?10
 and ?0.48 for k1, 8.4×10?7 and ?0.68 for 
k2, and 1.4×10
?7
 and ?0.70 for k3.” 
In Fig. 2 of Paper I the values for the same coefficients are correct. 
 
